Ni-based superalloys in turbine disc applications face increasing susceptibility to oxygen-assisted fatigue crack propagation due to increased turbine entry temperatures. The continued lack of understanding of the interplay between the factors operating during oxygen-assisted fatigue crack propagation limits: (1) development of lifing methodologies to accurately predict the fatigue performance of disc alloys/components and (2) associated disc alloy developments. An underpinning requirement to better understand the role of oxygen is to characterise the process of oxygen diffusion in the localised stress/strain state at the crack tip, which is related closely to microstructural features. The link between three-dimensional crack tomography, crack propagation rate and oxygen-related attack needs to be established. Quantitative models which include the interaction between fatigue-creep-oxygen attack need further development.
Introduction
Ni-based superalloys are used widely for aeroengine turbine disc applications due to their good mechanical properties at elevated temperatures, exceptional oxidation and corrosion resistance as well as their processing versatility [1] [2] [3] [4] [5] [6] [7] [8] [9] . Amongst all of these properties, the mechanical properties, i.e. tensile strength at elevated temperatures, fatigue and creep resistance, have been studied extensively. In the past 60 years, considerable efforts have been made to improve the fatigue and creep resistance, and important improvements in fatigue and creep performance have been achieved by appropriate compositional design 3, 4 and microstructure modification in disc alloys [10] [11] [12] [13] [14] [15] . In addition, by applying a dual microstructure heat treatment, the microstructures across the whole disc section can be tailored to optimise the fatigue-creep performance 7, 11, 16 . Although achievements in improving fatigue-creep performance of disc alloys have been significant, the resistance to oxidation or oxygen-related attack/embrittlement has received less attention, and is now a major limitation to application of disc alloys at the higher temperatures now required. Increases in the turbine entry temperature are needed to improve engine efficiency and reduce greenhouse gas emissions, so turbine disc alloys are increasingly being pushed to work at higher temperatures 1 . This temperature increase usually causes greater susceptibility to accelerated, environmentally related cracking [17] [18] [19] [20] [21] [22] , especially during the take-off and landing stages of a duty cycle in an aeroengine. Thus, fatigue failure processes with environmental attack, particularly in oxygen-containing environments, should be evaluated thoroughly. This will provide a basis for further disc alloy development to allow trade-offs between required mechanical properties and resistance to environmental attack and development of appropriate lifing philosophies for disc alloys and components.
Oxygen-assisted fatigue crack propagation
Oxygen-assisted fatigue crack propagation (FCP) is commonly observed in disc superalloys and is indicated by increased crack propagation rates, especially under dwellfatigue conditions 6, 17, [21] [22] [23] . In general, oxygen-assisted FCP is a function of temperature 22, 24 , oxygen partial pressure 17 , composition 9, 25 , microstructure of the disc alloys 15, 22, 26 , and loading frequency 27, 28 . As shown in Fig.1 , the FCP rates in 4 advanced disc superalloys (i.e.
N18
9, 21 , U720Li 5 , RR1000 5 and LSHR 9, 22 ) in air are usually one order of magnitude higher than that in vacuum under the same loading conditions. The microstructural characteristics of these 4 disc superalloys are summarised in Table 1 . Enhanced crack propagation is usually associated with intergranular fracture features, which can be seen clearly in Fig. 2 . Although creep damage is claimed to be partially responsible for these accelerated FCP processes and creep damage may also result in intergranular fracture 19, 23, 29 , the creep effect can be distinguished from the oxidation effect by conducting fatigue tests in vacuum or low oxidation conditions under different loading wave-forms and frequencies 21, 22 .
As shown in Fig. 1 , where there is no apparent increase in FCP rate due to a 20s dwell at the peak load in vacuum, it appears that the creep effect on FCP processes is much less significant compared with the effects of oxygen attack. The oxygen-assisted FCP is related to temperature and alloy composition and microstructure. The discrepancies in resistance to oxygen-assisted FCP among different materials are more significant at higher temperature, as shown in Fig. 1 . In addition, oxygen-assisted FCP is related closely to the localised deformation at the crack tips which is linked strongly to the crack tip microstructure 18, 20, [30] [31] [32] [33] .
As shown in Fig. 2 , a transition from intergranular to mixed-inter-transgranular crack propagation is seen at 650 o C with a 20s dwell at the peak load as the stress intensity range (∆K) increases. Moreover, a transition from intergranular to transgranular crack propagation is observed when a shorter dwell (1s) was applied at the peak load as reported in 22 , and this transition is more likely to occur in disc superalloys with coarser microstructures. It appears that the sensitivity to oxygen attack may depend strongly on the interaction of the microstructure/local phase composition with the deformation mode at the crack tip. 
What does oxygen do at the crack tip?
Oxygen-assisted FCP is associated usually with an intergranular crack path. The mechanisms responsible for this accelerated intergranular crack propagation are mainly ascribed to stress-assisted grain boundary oxidation (SAGBO) 6, 17, 18, 20, [33] [34] [35] [36] [37] [38] or dynamic embrittlement [39] [40] [41] [42] . SAGBO is involved with long-range diffusion of oxygen and formation of grain boundary oxides. The role of stress is then to help accommodate the volume change for oxide formation. Crack advance is achieved by cracking the oxide/matrix interface or the oxides themselves. The dynamic embrittlement hypothesis is related to the short range diffusion of oxygen along grain boundaries with the assistance of local stress and reduction in boundary cohesion strength due to the segregation of oxygen. The susceptibility to cracking caused by dynamic embrittlement is shown to depend strongly on grain boundary character 42 .
Moreover, gas phase embrittlement is sometimes also used to explain oxygen-assisted FCP, where oxygen attack may be regarded as arising from boundary immobilisation by oxides or gas bubbles leading to the prevention of accommodation of grain boundary sliding rather than an intrinsic reduction in grain boundary cohesion [43] [44] [45] . Although these mechanisms are reported and discussed in literature, it seems that the mechanism responsible for oxygenassisted FCP may vary significantly from alloy to alloy and also depends on the loading conditions and rates.
Both SAGBO and dynamic embrittlement (or gas phase embrittlement) involve the diffusion of oxygen under stress/strain conditions often within the plastic zone ahead of the crack tip 37, 40, 46, 47 . Accurate measurement of oxygen diffusion ahead of the propagating crack tip is critical to quantitatively describe oxygen-assisted FCP, especially from a standpoint of simulation of this failure problem to assess the combination of the damage arising from cyclic load and oxygen attack 48, 49 . However measurement of oxygen diffusion is still a major challenge. Although oxygen isotopes (i.e. 18 O) have been used successfully to measure oxygen diffusion during oxidation in disc alloys with/without static load 50 , the dynamic advancement of the crack tip makes it much less feasible to measure oxygen diffusion along grain boundaries and/or dislocation networks using 18 O. Additionally, identification of the status of oxygen existing at the crack tip may also be helpful to distinguish between the SAGBO and dynamic embrittlement mechanisms.
In terms of SAGBO, the oxides formed ahead of the crack tip vary from alloy to alloy due to the complexity of the composition of disc superalloys, although it is generally believed that layered oxides form at the crack tip with thermodynamically unstable oxides at the centre and thermodynamically stable oxide at the matrix/oxide interface 18, 20, 33, 51 . In addition, the formed oxides and oxide intrusion penetration depth ahead of the crack tip also depends on loading conditions, oxygen partial pressure, microstructures, FCP rate and more importantly local deformation at the crack tip 17, 18, 20, 37, 46 . Studies of oxidation at the propagating crack tip are still scarce, and the investigated crack tips in different materials at different ∆K levels which correspond to different FCP rates usually lead to a wide range of factors affecting the results and make the obtained results not directly comparable. This further limits the development of better understanding of the oxidation processes at the crack tip. Due to our lack of knowledge of the nature of the oxides formed ahead of the crack tip and their formation processes, it is difficult to quantitatively describe the oxidation processes ahead of the crack tip, and current models for predicting oxygen-assisted FCP fail to reflect accurately the actual physics occurring there. Oxide formation ahead of the crack tip is usually accompanied by the dissolution of γʹ, particularly tertiary and secondary γʹ 20, 38, 50, 52 . Hence, this dissolution process and the diffusion of oxide-forming elements (such as Ni, Al, Ti, Cr, Co) also needs to be considered along with the segregation of these oxide-forming elements at γ/γʹ interfaces and grain boundaries. More importantly, it seems that the observed oxide intrusion penetration depth is relatively short in comparison to the crack advancing distance in each fatigue loading cycle 20, 33 . Although dynamic oxide formation and cracking may occur during crack propagation, in some cases, discrepancy between the oxide intrusion depth and crack advancing distance in a single loading cycle is so significant that it cannot be simply explained by dynamic oxide formation and cracking. Such differences may arise from significant crack branching at the crack tip during intergranular crack growth and the interlinking of the crack tip with uncracked ligaments (which are not captured by most currently employed crack detection techniques) 53, 54 . Better, systematic visualisation of the crack tip morphology in three dimensions would be helpful to reveal the discontinuity of the crack tip and to understand the true interplay between oxide intrusions and the three dimensional nature of crack advance during fast crack propagation, especially at high ∆K levels.
Crack propagation characterisation
Due to the competing mechanisms of oxygen attack and mechanical processes contributing to fatigue failure, a transition between intergranular and transgranular crack propagation occurs 6, 15, 17, [22] [23] [24] . Generally, intergranular crack propagation is observed at relatively low ∆K level, whilst transgranular crack propagation is more likely to occur at high ∆K level 22 .
As crack propagation rate determines the available diffusion time (per loading cycle) of oxygen ahead of the crack tip 46 , an accurate measurement of FCP rate is important to understand the kinetics of oxygen attack processes.
Conventionally, FCP rate has been measured by the direct current potential drop method, which is a measurement of the overall averaged crack length 55 . This method usually underestimates the crack length, especially in the case where oxygen-assisted FCP is dominant, due to crack branching at the propagating intergranular crack tip or micro-cracking processes ahead of the crack tip with interlinked uncracked ligaments 53, 54 . Therefore, the FCP rate obtained from the method may not be able to truly reflect the influence of oxygen. More accurate assessment of crack propagation will be needed in terms of the crack morphology and crack propagation rate. X-ray or synchrotron radiation computed tomography is increasingly used in material science investigations and has been used to characterise crack morphologies in three dimensions [56] [57] [58] [59] . Although tomography can provide deeper insight into local crack propagation behaviours, crack tip stress/strain states and three dimensional crack morphology, its application to disc alloys is limited by the attenuation effects brought about by the high density of disc alloys, which restricts the observable volumes which provide an acceptable resolution. Challenges also exist in producing the appropriate environment, temperature and loading conditions within an X-ray computed tomography set-up. The grain orientation ahead of the crack tip in three dimensions can be captured by diffraction contrast computed tomography and/or phase contrast tomography 60 .
Once crack tomography and grain orientation ahead of the crack tip are obtained, they can be integrated with crystal plasticity models to assess the localised strain accumulation and oxygen-assisted FCP 48, 49 . In addition, secondary cracks around crack tips can be captured with tomography, and will be helpful to assess stress redistribution at the crack tip and stress relaxation, which is also closely related to the oxidation at the crack tip and fatigue crack propagation 22, 61 .
Deformation ahead of crack tip
As mentioned previously, the operation of SAGBO or dynamic embrittlement or other mechanisms is closely related to oxygen diffusion in the strain/stress field around the crack tip 6, 15, 18, 40, 43 . Oxygen transportation at the crack tip is facilitated by strain/stress 38, 50 . The variation of fracture mode ( Fig. 2) with ∆K also indicates the dependence of oxygen attack on the local strain/stress state. As outlined in an important early review by Ghonem et al 15 , the oxidation process is related to the degree of homogeneity of plastic deformation and associated slip density at the crack tip. For conditions promoting homogeneous plastic deformation, with a high degree of slip density, the environmental damage contribution is shown to be limited, thus permitting the dominance of cyclic damage effects which are characterized by a transgranular crack growth mode and a lower crack growth rate. Under conditions leading to inhomogeneous plastic deformation and lower slip density the crack tip damage is described in terms of grain boundary oxidation and related intergranular fracture mode. Therefore, characterisation of strain/stress on a grain level as a consequence of microstructural inhomogeneity (e.g. grain size, precipitate size and grain orientation) at the crack tip is needed and believed to be critical to assess and understand the role of oxygen in enhanced FCP. The challenge lies in obtaining the localised heterogeneous deformation at elevated temperature, which rules out the usage of long established techniques such as strain gauges or extensometers. Digital image correlation has been developed to map strains across surfaces 62 , however, characterisation of the localised deformation requires a fine speckle pattern of fiduciaries to achieve higher resolutions. Some efforts have been made to produce this fine speckle pattern via Au particle sputtering 63, 64 , etching of intrinsic microstructures in
Ni-based superalloy such as secondary γʹ 65, 66 , and electron beam lithography of hafnium oxide 67, 68 . These all show the possibility of using digital image correlation for strain characterisation at a grain level, although the application of speckle patterns prepared by Au particle sputtering and etching of the intrinsic microstructures at elevated temperatures still need further investigation. Alternatively, the localised strain at the crack tip can be characterised by high resolution electron backscatter diffraction which is developed to assess strain on a grain level by analysing Kikuchi pattern variation/degradation after a post-test characterisation [69] [70] [71] .
If detailed information concerning the localised deformation at the crack tip along with the oxygen diffusion at the crack tip can be obtained, the next step will be to develop appropriately complex quantitative models to describe the oxygen-assisted FCP process. These quantitative models can be integrated into current mechanical models which mainly only consider the damage arising from fatigue or fatigue-creep interaction for fatigue life and/or FCP rate prediction. A more realistic model which combines the influence of fatiguecreep-environmental attack on FCP may yield a cost-effective and safe prediction of the fatigue performance of turbine disc alloys/components.
Summary:
Oxygen-assisted fatigue crack propagation is commonly observed in Ni-based superalloys for turbine disc application. However, the processes controlling this failure problem have not yet been established unambiguously, which limits the development of quantitative models to predict this failure and also influences targeted, further disc alloy development. To better understand the oxygen-assisted fatigue crack propagation, the following aspects should be further studied:
(1) The nature of oxygen attack at the crack tip and the oxygen diffusion processes within the plastic zone ahead of the crack tip should be further studied, which is necessary to quantitatively describe the oxygen attack in terms of thermodynamics and kinetics. (2) Oxygen diffusion ahead of the crack tip is closely related to strain/stress state.
Characterisation of strain/stress ahead of the crack tip at a grain level and the study of the influence of microstructural inhomogeneity (such as grain orientation, grain boundary character, precipitates) on the localised deformation should clarify the strain/stress assisted oxygen diffusion processes and diffusion of the relevant oxideforming element in the case of stress-assisted grain boundary oxidation. (3) The fatigue crack propagation rate determines the time available in each loading cycle for oxygen attack to occur. Conventional direct current potential drop techniques usually underestimate the overall crack length due to crack branching and microcracking with interlinked ligaments at the crack tip. More accurate measurement of crack growth rate is required along with the visualisation of crack morphology in three dimensions. The link between three dimensional crack tomography studies, local fatigue crack propagation rate and oxygen attack at the crack tip needs to be established. (4) Quantitative models which consider the damage arising from fatigue, creep and oxygen attack are required to better predict the performance (fatigue life/fatigue crack propagation rate) of turbine disc superalloys and/or components. (5) The alloy to alloy variation in likely oxidation mechanisms and diffusion processes needs to be acknowledged by the community, there is a tendency to assume the same processes occur in all alloy systems and at all crack growth rates. Dynamic embrittlement as well as stress-assisted grain boundary oxidation processes need to be considered across the range of crack propagation rates being considered.
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